RNA transcription in Euglena gracifis chloroplasts has been characterized by hybridization of RNA from cells at different stages of chloroplast development to 3H-labeled chloroplast DNA restriction endonuclease fragments. Chloroplast DNA was digested into five fragments of 53,000, 35,000, 25,000, 10,000, and 6900 base pairs with Pst I. The 53,000-base-pair DNA When Euglena is grown in the dark on an oxidizable carbon source the cells lose the photosynthetic pigments and lamellae of the chloroplasts. The chloroplasts also lose the components of photosynthetic electron transport and the ability to fix CO2. In the dark, chloroplasts are replaced by proplastids, an organelle containing chloroplast DNA surrounded by a double membrane (1, 2). When dark-adapted cells are shifted to the light, chloroplast development begins whether the cells are dividing or not. Development is a temporal process, marked by the acquisition of properties of mature chloroplasts at specific intervals after the onset of light-induced development. The process is complete after 72 hr. with each cell having a full complement of mature chloroplasts (1, 2).
dark-adapted Euglena cells, and from cells at an early (4 hr) and a late (72 hr) stage of light-induced chloroplast development. The RNAs were hybridized in solution to each 3H-labeled chloroplast DNA fragment. From the extents and kinetics of the reactions, a temporal program for RNA transcription from defined regions of the chloroplast genome could be described. Different classes of transcription units are present, including RNAs (i) continuously present throughout development, (ii) induced at the onset of development, (iii) repressed early in development, and (iv) induced late in development.
When Euglena is grown in the dark on an oxidizable carbon source the cells lose the photosynthetic pigments and lamellae of the chloroplasts. The chloroplasts also lose the components of photosynthetic electron transport and the ability to fix CO2. In the dark, chloroplasts are replaced by proplastids, an organelle containing chloroplast DNA surrounded by a double membrane (1, 2) . When dark-adapted cells are shifted to the light, chloroplast development begins whether the cells are dividing or not. Development is a temporal process, marked by the acquisition of properties of mature chloroplasts at specific intervals after the onset of light-induced development. The process is complete after 72 hr. with each cell having a full complement of mature chloroplasts (1, 2) .
We have been studying the changes in RNA transcription in the chloroplasts during light-induced development. Euglena chloroplast DNA, which has a genome size of 130,000-140,000 base pairs (130-140 kbp) (3, 4) , is extensively transcribed at all developmental stages (5, 6) . However, the extent of transcription varies significantly with both the developmental stage and the culture conditions. In exponentially growing cells on a phototrophic medium, there is an initial decrease in the fraction of the genome transcribed during the first 4 hr of growth in the light. Subsequently an induction of RNA synthesis occurs, reaching a maximum value 72 hr after the onset of development. At this time 23-26% of the DNA is transcribed, yielding RNA of 60-65 kilobase (kb) complexity (5, 7) .
Since these results were reported, a detailed restriction endonuclease map of the Euglena chloroplast genome has been published (4, 8) . With the map as reference, it has been possible to locate regions of the genome containing developmentally regulated transcription units. Specific restriction fragments from chloroplast DNA were purified, radioactively labeled to high specific activity in vitro, and utilized as hybridization probes for specific regions of the chloroplast genome. The restriction fragments used in this study were of known position on the chloroplast genome, and in aggregate represent the entire DNA sequence content. By using these hybridization probes, transcription was quantitatively studied at three stages: before induction of chloroplast development in dark-adapted cells, early during chloroplast development, and at a late stage of chloroplast development. From the results it can be concluded that the chloroplast genome contains several different types of transcription units, which can be characterized by their pattern of regulation.
METHODS
Preparation of RNA. The preparation of dark-adapted cultures of Euglena gracilis Klebs (strain Z Pringsheim cells), the protocol for obtaining greening cultures in a photoautotrophic medium, the procedure for harvesting cells at various stages of chloroplast development, and the method of cell RNA isolation have been described (5) . Total cellular Euglena RNA was isolated from cells harvested at 0, 4, and 72 hr of chloroplast development.
Preparation of Hybridization Probes. The preparation of 3H-labeled chloroplast DNA restriction endonuclease fragments has been described (7) . Hybridization of total cell RNA to 3H-labeled restriction fragments in solution, detection of hybrids by using an SI nuclease criterion, and mathematical treatment of the data have been described (5, 7) .
RESULTS
Fractionation of the Chloroplast Genome. To quantitatively study RNA transcription from isolated regions of the Euglena chloroplast genome, chloroplast DNA was fragmented by the action of restriction endonucleases. For the studies to be described, the five restriction fragments produced by the enzyme Pst I (Pst-A-E), two of the restriction fragments produced by the combination of enzymes BamHI and Pst I (BP-3 and BP-4), and the fragment Eco-H produced by the enzyme EcoRI were utilized. These fragments are positioned relative to one another as previously illustrated (7) The chloroplast rRNA genes have previously been mapped in the Pst-A region of the chloroplast genome (4, 10, 11). There are three sets of 16S and 23S rRNA genes that total approximately 14.4 kbp in size. It can be seen from the analyses listed in Table 1 that the chemical complexity of the high-abundance Pst-A RNA transcripts (14-15 kb, depending on the stage of development) is in agreement with its assignment as rRNA. The abundance of these transcripts is also in agreement with the abundances previously determined by using a hybridization probe specific for chloroplast rRNA (9) . It may therefore be concluded that the cellular RNA that hybridizes with Pst-A at low Rot values is chloroplast rRNA.
In contrast to the high-abundance RNA, which accounts for a transcribed region of constant size, the low-abundance Pst-A transcripts vary in complexity during development. There is a 4.5-kb decrease in the complexity of the transcribed region during the first 4 hr of chloroplast development. These transcripts do not disappear by dilution, because the generation time of these developing cells is 24 hr. The RNA transcripts from this 4.5-kb region must therefore be degraded after the onset of development. The size of the transcribed regions of Pst-A at 72 hr is 8.5 kb greater than at 4 hr, and 4.0 kb greater than at 0 hr of development. This is strong evidence that new RNA transcripts induced at the later stages of chloroplast development are not present in dark-grown cells or cells at early stages of development. The level to which the Pst-A low-abundance transcripts accumulate varies slightly throughout chloroplast development, ranging from 0.021% to 0.17% of the total cell RNA ( Table 1) .
The non-rRNA transcription of the Pst-A region of the chloroplast genome can be studied independently of the rapidly Rot, M -sec FIG. 1 is the same as with 72-hr RNA alone. Therefore, the 4-hr transcripts are a subset of the 0-hr transcript population and the 0-and 4-hr RNA transcripts are subsets of the 72-hr RNA population. From these results it can be concluded that the accumulation of some of the Pst-B transcripts is inhibited during the first 4 hr of development. This is followed by a reactivation of these transcripts, and the expression of previously "silent" Pst-B genes. Both low-and high-abundance Pst-B transcripts exhibit this pattern of expression.
Pst-C Region. The Pst-C fragment of the chloroplast genome is 25 kbp. The hybridization kinetics of [3H]Pst-C to RNA from cells at different stages of chloroplast development are illustrated in Fig. 4 . The saturation level of the Pst-C region significantly increases from 0 to 4 hr of chloroplast development, followed by a further increase from 4 to 72 hr. The quantitative analyses of these hybridization reactions are listed in Table 4 . Table 6 . They may be summarized as follows:
(i) The largest class of chloroplast genes are those whose transcripts are found in cells at all stages of chloroplast development. The transcripts of these genes total 45 kb in complexity apd are scattered throughout the chloroplast genome (see Table). Contained within this "continuous" class are the three sets of chloroplast rRNA genes (14 kb within the Pst-A region), a region of approximately 3 kb within Pst-B that yields highabundance transcripts, and 28 kb of regions scattered throughout the genome that yield low-abundance transcripts. The conclusion that chloroplast rRNA is continuously present at all developmental stages is in agreement with previous results (9) obtained by using a hybridization probe specific for these transcripts. This conclusion is also in agreement with the results of Cohen and Schiff (12) , but in disagreement with other investigators (13) , who have maintained that chloroplast rRNA is absent in dark-adapted cells.
(ii) A class of RNA transcripts is found that are present in dark-adapted cells but that disappear within the first 4 hr after the onset of chloroplast development. Interestingly, these transcripts are then found to reappear by 72 hr of development.
The disappearance of these transcripts within the first 4 hr of chloroplast development must involve RNA degradation. Whether transcriptional repression is involved is not known. These genes are located in the Pst-A and Pst-B regions of the chloroplast genome. One kilobase of these genes located in Pst-B yields high-abundance transcripts, while the remaining 6 kb yields low-abundance transcripts.
(iii) A small class of chloroplast genes are observed whose RNA products are first found in the cell at the 4-hr stage of chloroplast development and are then continuously expressed through 72 hr of development. These RNA transcripts are absent from cells at 0 hr of development. The accumulation of the RNA in this class must begin during the first 4 hr of development. These genes total 3 kb in complexity and are located within the Pst-C and Pst-E regions.
(iv) A large fraction of the chloroplast RNA transcripts are not found in cells at 0 or 4 hr of chloroplast development but are found at 72 hr. The accumulation of these gene products must begin at some time between 4 and 72 hr after the onset of development. The genes in this class total 11 kb in complexity. The genes are located in the Pst-A, Pst-B, and Pst-C regions. High-abundance transcripts of this class are transcribed from 1.5 kb within the Pst-B region, while low-abundance transcripts of this class are transcribed from 9.5 kb within the Pst-A, Pst-B, and Pst-C regions.
In summary, hybridization studies aimed at characterizing developmental-stage-specific changes in the cellular content of chloroplast RNA transcripts have been described. Changes in the expression of isolated regions of the chloroplast genome during chloroplast development are used to define four classes of genes: (i) genes expressed as RNA throughout development; (ii) genes expressed only after the induction of development; (iii) genes expressed only late after the induction of development; and (iv) genes expressed both before the induction of development and late after the induction of development but not early after the induction of development.
